Abstract
Introduction
In the past decade, many of the states in the United States have been actively involved in the development of state implementation plans (SIPS) for the attainment of National Ambient Air Quality Standards for ozone. The United States Environmental Protection Agency (USEPA) has revised the 8-hour ozone standards to more stringent values based on stricter health considerations. The shift to the stricter 8-hr standards has major implications on the ozone non-attainment issue. Since time and spatial scales are inherently connected in the ozone process [1] , the more exacting 8-hour ozone standards will lead to a more widespread non-attainment problem [2] . On the basis of the stricter ozone standards of 75 ppb set in 2008, USEPA designated 192 non-attainment counties. [3] . Amongst them, there are currently 19 counties in the state of Ohio inclusive of eight counties in northeast of Ohio which do not meet 2008 8-hour ozone standards. USEPA has issued a draft modeling guidance [4] , which necessitates the development of a State Implementation Plan (SIP) that requires a demonstration by the non-attainment regions that the projected future ozone 8-hour ozone concentrations will meet compliance standards. For basic non-attainment areas in Ohio, the state agency responsible for undertaking tasks to uphold air quality standards in the state of Ohio, the Ohio Environmental Protection Agency (Ohio EPA) maintains that a reasonable level of new controls will be needed to reach attainment within the dates specified by USEPA. Although there have been substantial reductions in ozone concentrations in Midwest [5] , the enormous challenge lies in moderate non-attainment areas, like northeast Ohio. A design value is the calculated concentration used to determine if a monitor is measuring air quality in attainment of a standard. Under EPA guidelines, the design values for observed 8-hour ozone concentrations established at each ozone monitoring site are equal to the average of the fourth highest annual daily maximum 8-hour values for the most recent three years at that site. The three-year average provides a method for reducing the reliance of the ozone design values on variable short-term meteorological effects [6] . Despite the modeled 8-hour ozone attainment demonstration, USEPA guidance recommends using the average of three consecutive design values.
The ozone attainment demonstration is usually accomplished by using air quality photochemical models. Several studies in the past have illustrated the importance of these models in making regulatory decisions [7] [8] . Following the guiding principles laid down by EPA [9] , the modeling results are applied in a relative way to scale the current observed 8-hour ozone design values at each observational site to project ozone design values for future years. These are then measured against ambient air quality standards. An area is considered in attainment of the 8-hour ozone standards if the projected modeled future year design value of 8-hour ozone is less than the ozone standard. The model-based relative reduction factors (ratios of model simulated high ozone concentrations of the base year to that of the future year (RRFs)) are multiplied by current ozone design values to estimate the design values of ozone for the future year for each monitor in the non attainment region. RRFs are currently generated for model cells corresponding to monitor locations using the average ratio between base year and future base year concentrations for days starting with modeled concentrations above 85 ppb throughout the model simulation [10] .
The photochemical models are evaluated first to determine if an acceptable base case performance in the selected region has been achieved. They are then applied to assess control strategies and to demonstrate attainment [11] . Instead of using air-quality models only as a final check of an overall strategy, the air quality modelers and policy developers can collaborate early in the SIP process to estimate the responsiveness of the ambient ozone concentrations to various emission reductions. Sensitivity analyses can be used to identify and prioritize certain control measures and facilitate the search for additional measures, if the initial strategy proves to be insufficient. The projected 2009 emissions inventory in the case study incorporated emission reductions associated with implementation of power plant emissions' reductions due to the EPA Clean Air Interstate Rule (CAIR), federally mandated industrial controls such as maximum achievable control technology (MACT) standards for point source emissions, and turnover of the motor vehicle fleet to progressively cleaner vehicles for mobile source emissions.
The principal objective of this study is to attempt to evaluate the reasons for ozone non-attainment in the Cleveland region and endeavor to develop effective control strategies to combat it. In this study, emissions from different emission source categories for the northeast Ohio region were further modified in 2009 to perform additional emission sensitivity model runs, and the impacts of these selective emission sensitivity runs were investigated to demonstrate if the region could demonstrate attainment with these supplementary measures. The pho-tochemical modeling system CAMx has been used to assess RRFs from the base and all control case modeling runs for the entire Ohio Region with special focus on the Cleveland region. Since the RRFs are based on modeled values, there can be uncertainties associated with the future year ozone design values [6] [12] based on the modeling system used for the demonstration. The results indicate the relative effectiveness of emission control strategies that can be utilized in today's scenario in northeast Ohio to gain attainment of ozone standards. The worst case scenario explored in this study can be useful in development of effectual emission control strategies in context of ozone increments due to potential climate perturbations [13] .
Study Area
Cleveland, Akron, and Lorain located in northeastern Ohio are influenced by air circulations from lakes with poor air quality associated with weak lake breeze that can lead to stagnation and poor dispersion. Transport of regional pollution by southern winds can also impact air quality episodes. The focus in this study is to adjudge the efficacy of emissions controls, which can lead to meeting of ozone standards despite meteorological uncertainties allied with northeasten Ohio.
Model Description
For attainment demonstration purpose the Comprehensive Model for Air Quality (CAMx) with extensions version 4.3 [14] , the Emissions Processing Model [15] and the mesoscale meteorological model MM5 were applied to the Eastern United States for the base year 2002 and the future base year 2009 with the projected emission cuts incorporated for the future base case scenario. CAMx is a three-dimensional photochemical grid-based model with the Carbon Bond Mechanism, version IV. The CAMx model is being used for regulatory purposes by several states. The meteorological inputs to the photochemical model were provided by the non-hydrostatic Penn State/NCAR Mesoscale model (MM5), Version 3 [16] . All models were applied with a Lambert projection centered at (−97, 40) and true latitudes at 33 and 45.The base case model simulations were performed from June 14 to August 13, 2002 in a non-nested mode with a horizontal grid cell dimension of 36 km in a domain consisting of major portions of the continental United States (Figure 1) .
The longer-term simulation takes better care of regional transport and minimizes influence from initial concentrations [17] . The vertical structure in the model consisted of 14 layers from the surface up through 4 km. The 2009 emissions future run was also conducted for the same time period and over the same modeling domain. The initial and boundary conditions used in the model runs as well as more comprehensive details of the set up of the photochemical model can be found in [17] . EMS configurations as well as physical parameterization schemes utilized in the MM5 model have been presented in [17] .
Results

Evaluation of Model Performance
During SIP development, once the base case simulation meets performance criteria specified by regulatory agency such as the EPA the photochemical model is then rerun with scenarios representing emissions reductions from hypothetical controls. In this study the model performance validation for the base year 2002 has been conducted based on 8-hour daily ozone maximum values from observational (monitored) data and modeled simulations Since ozone is a regional-based problem [18] , to obtain a perspective on the regional performance of the modeling system, two statistical metrics [19] were applied for the entire summer season over all possible observational sites (i.e. sampling through space and time). This analysis was based on the measured and simulated values of 8-hour ozone concentrations for more than 600 sites (Figure 2 ) located in the Eastern United States. The two performance metrics used for model evaluation purposes were 1) unpaired peak accuracy and 2) the mean normalized gross error, both expressed as a percentage. The former provides a measure of the model's ability to capture the daily peak ozone concentrations and the latter is a measure of the model's overall performance [20] . According to [21] , both sets of calculations were performed on the hourly measured concentrations greater than or equal to 60 ppb. The 60 ppb minimum threshold level excludes prediction-observation pairs that are not of direct regulatory importance since the 8-hour ozone attainment test only applies to days with high ambient concentrations, which are defined as days with greater than 70 ppb of 8-hour ozone [17] .
The unpaired peak accuracy is defined as
where C o and C e are measured and modeled 8-hour averaged peak ozone concentrations respectively. The mean normalized gross error is given by
C x t are measured and modeled concentrations respectively at location i at any given time t. N is the number of pairs of observations and corresponding model simulations.
As seen in Table 1 , the model performance for ozone episode days for the months of June, July, and August using both of the performance statistics is well within EPA's criteria for an acceptable model performance [22] .
To gauge the model performance over the entire time period of simulation for the state of Ohio where this study is based the scatter plots of 8-hour averaged daily peak ozone concentrations from the 2002 modeling simulations were plotted against the corresponding monitoring data from the entire Ohio region (figure not shown). It was found that although the model over-predicted ozone values with respect to observations in the Ohio region, nevertheless a strong correlation existed between the modeled and monitored data sets. The correlation coefficient for the 8-hour daily peak ozone concentrations for the entire Ohio region was found to be 0.67. A more complete in-depth evaluation of the CAMx model performance for the base year 2002 can be obtained from [17] .
Attainment Demonstration in the Ohio Region
The modeling is said to "demonstrate attainment" when modeling results indicate that planned controls will re duce ozone concentrations to below the standard if the meteorological conditions during the simulated time period are experienced again. The EPA draft modeling guidance [23] was used for the attainment demonstration in northeast Ohio. The first step in this process involved calculating the 8-hour averaged ozone design values. These design values were computed from the EPA's Aerometric Information Retrieval System (AIRs) data set for each ozone-monitoring site in the state of Ohio ( Table 2 ). The monitors located in the Cleveland region are presented in Figure 3 . The evaluation was especially focused on the 8 county regions, namely, Ashtabula, Cuyahoga, Geauga, Lake, Lorain, Medina, Portage and Summit in northeast Ohio. The second step in the attainment demonstration was to determine relative reduction factors (RRFs) from the model simulations (2002 and 2009). Model estimates are used in a "relative" rather than "absolute" sense. That is, we take the ratio of the model's future to current (baseline) predictions at ozone monitors. We call these ratios, relative reduction factors (RRF). Future ozone concentrations are estimated at existing monitoring sites by multiplying a modeled RRF at locations "near" each monitor by the observation-based, monitor-specific, "baseline" ozone design value. RRFs are calculated for those locations where the monitoring site has a current design value above 75 ppb. All the ozone monitors in the selected region (Figure 3 ) satisfy this criterion. In calculating the RRFs, the first step is to determine the daily maximum 8-hr O 3 model simulated ozone concentrations from grid cells that are reckoned determined to be "near" the monitor. For the grid resolution of 12 km the grid cell in which the monitor was located and the surrounding grid cells were picked out using the method of nearest 9 cell location. The grid cell in which the daily maximum occurs could differ between the base case and the future case. The RRFs for each of these sites are listed in Table 2 and are defined as the ratio of the maximum daily 8-hour average ozone level for the future case and the base case averaged over the entire simulation for each monitor. For the base case model simulations, days on which the maximum 8-hour average ozone level was less than 70 ppb were not included in this calculation [23] . Therefore, although the time period of the modeling simulations is nearly 60 days (excluding the spin off period of the model) the number of actual days used to calculate the RRFs were significantly less since low ozone concentrations were predicted near the ozone monitors for several days. The longer time period of seasonal simulation used in this study thus ensured sufficient number of averaging days for computation of stable RRF calculations which are sometimes not possible in case of an ozone episode when only a few days are available for the averaging [12] . The final step in the process was to calculate the ozone design value for the future case (2009). The draft guidance suggests the use of these RRFs in the estimation of the future design value at each of the monitors based on the current ozone design value. The future case ozone design value was determined by multiplying the design value (defined above) for each monitoring site by the RRFs computed for that location. These values are listed in Table 2. As can be seen from the table the ozone design values at some of the monitoring sites in the study region were not reduced below the preceding ozone standard of 85 ppb indicating that additional controls were necessary to demonstrate attainment in the Cleveland-Akron-Lorain moderate nonattainment area.
Implications of Spatial Analysis of RRFs for the Ohio Region
A spatial analysis of relative reduction factors was carried out to obtain a perception of the spatial variability of the RRFs for the entire Ohio region rather than only in the modeling domain corresponding to the selected monitors. For this analysis following [12] each grid cell was considered a "pseudo monitor" in the modeling domain. The RRF for each of the grid cells was then calculated following the previous procedure. This type of map can also help to illustrate the effects of emission controls in different parts of the domain in comparison to the selected region. Figure 4 displays the results of the analysis. As can be seen from the map the general values of the relative reduction factors in the Ohio region are between 0.85 and 0.92. However in the urban regions of Cleveland, Cincinnati and Toledo the values are higher although the Cleveland region does not have significantly higher values than these other urban regions. We can conclude that the ozone reduction in these urban regions is lower with anticipated emission controls when compared to the rest of Ohio. This is further reinforced in the next figure ( Figure 5 ) which depicts actual ozone reductions in the Ohio region. Ozone reductions for the future 2009 base case scenario (per the EPA guidance document) is defined as ( )
Again Cleveland shows lower ozone reduction 5% -8% of 8-hour averaged ozone concentrations from the base case but not noticeably lower than the other urban regions specified earlier. This can be accredited to the non-linear complex chemistry of ozone formation from its precursors. This phenomenon is especially pronounced in the urban regions which consist of abundantly available NO x and VOC concentrations to sustain ozone production. The VOC limitation and NO x limitation characteristics of an air parcel vary dynamically with transport, dispersion, dilution and photochemical aging [24] . Therefore the reduction of precursor emissions does not translate automatically into a linear decrease of model simulated ozone concentrations [25] in urban regions. Figure 6 depicts the number of days used in the RRF calculation used in the Ohio region. It should be noted those regions of Ohio (South east Ohio) which indicate the largest benefits from the VOC and NO x reductions also have larger number of high ozone days (ozone concentrations greater than 70 pbb) which were used in the calculation (approximately 40 -45 days). The influence of meteorological conditions on ozone exceedances is well-known [26] . Hence the larger number of exceedances in the Cleveland area may also arise as a combination of transport of ozone from upwind areas due to prevailing wind directions on the days of ozone exceedances and in-situ local emissions. A comprehensive analysis of impact of meteorology on the 8-hour ozone exceedances is beyond the scope of this paper.
Source Apportionment in the Cleveland Region
In order to develop successful emission reduction strategies it important to explore further and quantify future relative source contributions of emissions from various regions to the Cleveland counties. It is crucial to identify the overall importance of each of the emission sources both locally generated and regionally transported towards ozone formation in this region. The source apportionment studies would help to examine the effectiveness of potential control strategies.
The Ozone Source Apportionment Technology is a well tested scheme [27] [28] and has been implemented in photochemical air quality model CAMx to estimate the contributions of emissions from multiple source regions and multiple precursor species to ozone concentrations at downwind receptors in a single model simulation. A detailed account of the ozone apportionment technology can be obtained in the user's guide to the CAMx model. In this study OSAT was used to look at the relative contribution of emissions at each monitoring site in the selected regions in northeast Ohio to evaluate the important sources contributing to the problem and to understand the nature of the sources whether they are local or regional. Figure 7 exhibits the results of source apportionment results in the Cleveland territory for base case year 2009 in the selected counties of Cleveland region namely Cuyahoga, Geauga, Lake and Summit which remain in moderate non-attainment. The scenario evaluated here is the future case scenario which includes the book controls and CAIR. Figure 7 reveals that the most important source contributors towards ozone concentrations in the region are the mobile sources (20 -28) ppb followed by elevated point sources (approximately 12 ppb) and non-road sources (8 -13) ppb. The source apportionment generally indicates that the NO x molecules were most important in forming the next ozone molecule. This does not mean that the area was NO x saturated but that it is NO x limited. If an area is saturated in either NO x or VOC, some of the surplus can be removed and yet the same amount of ozone is formed. A substantial contributor towards NO x emissions is the Ohio region itself (more than 40%). A significant portion of these emissions (27%) can be attributed to trans-boundary flux (figure not shown). The surrounding states of Michigan, Kentucky, Illinois, West Virginia also contribute appreciably when the emissions from these regions are summed together. The contributions towards emissions in Cleveland by the trans-boundary fluxes and from the rest of the Ohio region are dictated mostly by meteorological processes which determine whether ozone precursor species are contained locally or are transported downwind. All monitoring sites in northeast Ohio exhibit similar patterns in the relative contributions of emissions from different source regions. Hence in Cleveland and in most areas of the Midwest the violations of 8-hour ozone standards are significantly influenced by transported pollutants.
Impact Assessment of Additional Selected Emission Sensitive Strategies for the Region of Cleveland
The persistent problem of non attainment of 8-hour ozone standards in the Cleveland area for the future base case 2009 warranted a deeper appraisal of the emission control strategies to be implemented in this region. Using the 2009 base case, a matrix of four separate emission sensitivity runs were conducted for the Cleveland region and the State of Ohio with the photochemical model CAMx. These specific series of initial potential emission sensitivity runs were simulated in an attempt to develop later a range of possible additional strategies to combat the ozone problem. As seen from the previous section in case of future base case scenario the mobile source emissions are the most important source contributors towards ozone. The first two emission sensitivity runs consisted primarily of assessing the impact of supplementary controls incorporated in mobile sources. The third emission sensitivity run tested the impact of additional controls integrated in the next largest contributor, the elevated point sources. The fourth scenario tested the impact of all extra controls incorporated in all source categories. The following four emission sensitivity scenarios have been briefly described below:
The first emission sensitivity run consisted of weighing the impact of the implementation of an enhanced inspection and maintenance program, commonly referred to as E-check which is commonly one of the proposed methods to meet the stricter federal clean air standards versus the introduction of reformulated gas and low-level VOC and NO x controls for Cleveland in the emission inventory. Hence E-check was taken out of the 2009 emission inventory and reformulated gasoline and low-level emission controls incorporated in the 2009 emissions. The changes in mobile emission estimates represented below were based on Mobile6 emission estimate runs which generate tons/day totals of on-road mobile source emissions. The difference is associated with a change (difference between future base case run and the emissions sensitivity run) and considers the tons/day difference and divides it by the total on-road mobile source day and generates the % change for NO x and VOC emissions for Scenario 1 and Scenario 2. The fourth and final emission sensitivity run included the testing of the largest number of additional emission control strategies. This run integrated the statewide reductions under CAIR rule and a state wide reduction of 5% from "other area" sources for NO x and VOC emissions to account for consumer product choices. These arise from a set of additional statewide industrial controls considered by Ohio EPA with special emphasis in the Cleveland region. In addition, these reductions also reflected E-check, reformulated gasoline, and selective reductions for low-level and upper-point emissions, as well as 'other area' emissions for the Cleveland region in particular. Cleveland • Decrease of mobile VOC emissions by 9.72%; • Decrease of mobile NO x emissions by 0.92%; • Decrease of VOC emissions by 15% from low level point, upper level point and "other area" emission sources; • Decrease of NO x emissions by 15% from upper and lower point emission sources.
• Statewide • Decrease of VOC and NO x emissions by 5% from "other area" sources;
• Decrease of elevated point sources for NO x by 20%.
The RRFs were calculated for the each of the emission sensitivity runs. The future-case ozone design value at each monitoring site was calculated for each of the four emission reduction scenarios and determined by multiplying the current ozone design value from the year (2001-2003) for each monitoring site by the RRFs computed for that location. The results are displayed in Table 2 which reveals the changes in ozone design values for both Scenario 1 (without E-check), and Scenario 2 (with E-check) were moderate when compared against the 2009 base case. Even with E-check, Scenario 2-the counties of Cuyahoga, Lake, Ashtabula, Geauga, Portage and Summit in Cleveland-still exceeded the 8-hour ozone standards. Table 2 also depicts the impact of emission controls from Scenario 3 (which implements the CAIR requirements) and Scenario 4, which also cut emissions from one of the largest sectors emitting VOCs (consumer products) in the selected region and utilized selective emission reductions in the Cleveland area. Table 2 illustrates that emission reductions in Scenario 3 did not bring the region into attainment under the 8-hour ozone standard.
For Cleveland, under Scenario 4, all the ozone monitors in the counties of Cuyahoga and Portage are in attainment. However, the monitoring sites at Lake, Ashtabula, Geauga, and Summit still exceeded the 8-hour ozone standards ( Table 2 ). The total decrease in the 8-hour averaged ozone concentrations from the 2010 basecase scenario and Scenario 4 (which has the widest range of emission controls) is between 1.0 and 1.5 ppb. This is the maximum decrease in ozone concentrations that was obtained and was insufficient to bring the entire Cleveland region in attainment of 8-hour ozone standards.
Air pollution is currently being modeled at finer resolutions to reveal pollution "hot spots" in urban areas [29] [30] has suggested that the coarser model resolution can cause a systematic positive bias in model-simulated ozone values since the dilution of NO x emissions over relatively large grid volumes can increase ozone produc-tion especially in a NO x -saturated region like Cleveland. The 36-km grid which is an average of nine 12-km grids, resolution used in these simulations is potentially averaging out the local reductions. The ozone changes are also potentially averaged out over the larger domain. Therefore the total impact of urban scale emission controls may be effective only on smaller grid resolutions, such as a 12-km or a 4-km grid resolution. The differences in RRFs between 36 and 4 km grid resolutions can translate to an average difference of (1 -3) ppb in the estimated future ozone design values [11] .
The emission cuts in the individual source categories used in this study are a small percentage of total NO x or VOC emissions. For example, in the case of NO x in Scenario 4, a 15% reduction in low-point emissions, a 5% reduction in other categories, and a 0.92% cut in mobile emissions amounts to 1.1% -1.3% reduction in total merged gridded NO x emissions from the 2010 base-case emissions. The NO x emissions from industrial point sources were cut by 20%; however, as explained above, the effect of the emission cuts may be averaged out in a 36-km grid cell. In addition since the Cleveland region is VOC-sensitive the moderate NO x reductions may not have a significant impact due to the non-linear effect of ozone production 26. However it should also be kept in mind that an uncertainty of the order of 0.05 should be considered for model-predicted RRF as part of an area's attainment assessment [12] . This degree of uncertainty is inherent in the response of all current state-of-science photochemical model systems to emission reductions as they attempt to simulate complex chemistry in urban region [2] .
Conclusions
This study indicated that simulating the implementation of significant control options for reducing ozone could not demonstrate attainment of the 8-hour ozone standards in the Cleveland-Akron-Lorain moderate nonattainment area. Analysis of the spatial distribution of the relative reduction factors and ozone reductions for the Ohio region demonstrated that the Cleveland area did not have significantly higher relative reduction factors or lower percent of ozone reduction than other urban areas in the Ohio region which were demonstrating attainment of the 8-hour ozone. The ozone exceedances could occur as a result of prevalent meteorological conditions combined with emission sources. A source apportionment study was also conducted in the Cleveland region using the OSAT technology in CAMx for the future base year 2009 to attempt to quantify ozone precursor transport from outside the region as well as endeavor to understand the relative contribution of different sources. It was found that downwind and trans-boundary air pollution played an important role in the air quality in Cleveland which was controlled by NO x precursor emissions.
A variety of additional emission sensitivity runs with the photochemical modeling system CAMx were conducted to assess the influence of urban and selective statewide emission controls, beyond those anticipated under the Clean Air Act to be achieved by 2009, on the averaged 8-hour daily maximum ozone concentrations in the Cleveland area. It transpired that the response of the model simulated peak 8-hour ozone to these variable emission increases or decreases was minimal in the Cleveland region on a coarse 36 km grid resolution. The largest change was noticeable in case of Scenario 4 (which had the largest number of additional emission controls), and the magnitude of the decrease of model simulated 8-hour ozone concentrations was between 1 and 1.5 ppb. The various reasons attributed to this minimal response were that the coarse grid resolution potentially averaged out local emission reductions, the effect of trans-boundary flux into this region and the moderate NO x emissions reductions considered were inadequate for the VOC-sensitive Cleveland region. A more detailed evaluation of the transport events from outside the state would provide valuable information in developing effective emission reduction strategies. The emission cuts should also consider more substantial emission reductions of NO x , since the region is NO x -saturated. However, since ozone concentrations in this region are affected by complex phenomena such as lake breeze air circulations, inversion and long-distance transport of ozone and ozone precursors, it will still be a challenging task to implement the necessary control strategies to bring the Cleveland area under 8-hr ozone attainment in context of today's stringent ozone standards and potential climate change perturbations.
